The lamins of the tunicate Ciona intestinalis and the nematode Caenorhabditis elegans show unusual sequence features when compared to the more than 35 metazoan lamin sequences currently known. We therefore analyzed the in vitro assembly of these two lamins by electron microscopy using chicken lamin B2 as a control. While lamin dimers usually appear as a rod carrying two globules at one end, these globules are absent from Ciona lamin, which lacks the central 105-residue region of the tail domain. The deletion of 14 residues or two heptads from the coiled coil rod domain of the single C. elegans lamin results in a 1.5-nm shortening of the dimer rod. Similarly, the paracrystals assembled from the C. elegans lamin exhibit a 3.1-nm reduction of the true axial repeat compared to that of chicken lamin B2 paracrystals. We speculate that the banding pattern in the C. elegans lamin paracrystals arises from a relative stagger between dimers and/or a positioning of the globular tail domain relative to the central rod that is distinct from that observed in chicken lamin B2 paracrystals. Here we show that a nuclear lamin can assemble in vitro into 10-nm intermediate filaments (IFs). C. elegans lamin in low ionic strength Tris-buffers at a pH of 7.2 -7.4 provides a stable population of lamin IFs. Some implications of this filament formation are discussed.
The nuclear lamina is a filamentous meshwork located between the inner nuclear membrane and the peripheral chromatin. At least in the Xenopus oocyte this karyoskeletal structure is organised as a lattice of near-tetragonally oriented intermediate-like filaments. 1 The major structural proteins of the nuclear lamina are the lamins. 2, 3 The nuclear lamins have the tripartite domain organisation common to all intermediate filament (IF) proteins. A central a-helical rod domain, able to form a segmented double-stranded coiled coil, is flanked by N and C-terminal head and tail domains. 4, 5 Electron microscopy of various lamins and lamin-derived constructs has defined the in vitro assembly pathway. The dimer is a 52 nm long rod carrying two globular domains at one end. Thus, the two-stranded coiled coil is formed by parallel a-helices without any stagger. The two globules represent the large lamin tail domains, since they are absent in the tailless lamin constructs but are retained in the headless variants. In the next assembly step, lamin dimers form polar head-to-tail polymers in which the highly conserved C-terminal end segment of one rod domain overlaps the highly conserved N-terminal end segment of the next rod domain. The formation of these very thin polar filaments requires the presence of at least the C-terminal part of the small head domain. Rather than forming stable 10-nm IF the next step of lamin polymerization leads to thick filament bundles, tangles and paracrystalline arrays. 1, 2, 6, 7 Thus, in contrast to cytoplasmic IF proteins 10-nm-like filaments are only transiently observed during lamin assembly and are practically absent at steady state. Nuclear lamins seem restricted to metazoa, as the completed genomes of the yeast Saccharomyces cerevisiae and the plant Arabidopsis thaliana lack obvious orthologs. Some 35 lamin sequences are currently known. They range from the simplest animals such as the cnidarians (Hydra and Taelia ) to various other invertebrates (Caenorhabditis elegans, Drosophila, Priapulus, several echinoderms, two urochordates and the cephalochordate Amphioxus ), and to a large number of vertebrates. Alignment of these sequences defined the variable and conserved domains and identified a rare lamin species that deviates from the general theme (Figure 1 9, 10 ). Of variable length are the relatively small (typically 30 -60 residues) head domain, the region between the C-terminal end of the rod domain and the nuclear localization signal, as well as the region between this signal and the well conserved central part of the tail, the so called 105-residue region whose atomic structure has recently been solved as an Ig-like domain for human lamin A both by X-ray crystallography 11 and by NMR spectroscopy. 12 Length variability continues in the rest of the tail domain. This domain also includes the additional exon (about 95 residues) inserted in the larger A-type lamins that are restricted to the vertebrates. 9 Nearly all lamin sequences end with the motif CaaX. In vivo this motif is processed to a cysteine residue that, in turn, is carboxyl-methylated and carries an isoprenyl derivative in thio-ether linkage.
In contrast to the two end domains the central rod domain is nearly canonically conserved in length. Even in cnidarian lamins there is only minimal variability. The linker L2 between coils 1b and 2a is increased by one and three residues in Hydra and Taelia lamin, respectively. 9 A much larger change occurs only in the lamin rod of the nematode C. elegans, which lacks 14 residues or two heptads early in coil 2b. 13 The C. elegans lamin arises from the only lamin gene in the genome, 14 and Northern analysis indicates a single mRNA species. 13 The second unusual lamin type is represented by all four sequences known for tunicates (urochordates). One of these is provided by lamin L1 of Ciona intestinalis. The tunicate lamins lack the central 105-residue region that is relatively well conserved in sequence from Hydra to Drosophila and man. ), Drosophila melanogaster lamin Dmo (DrDmo; accession number P08928 31 ), and C. elegans lamin (CeL; accession number X74027 13 ). Lamin regions that vary in length are the small head and the large tail domains. Note however the moderately conserved middle region of the tail domain (i.e. the 105-residue region 9, 10 ) that is present in all lamins except for Ciona lamin. Yet another length variability arises in the vertebrate A lamins (sequences not shown). They have an additional exon inserted in the tail domain (approximate position marked by the arrow pointing upwards). It is inserted past the acidic cluster found in all vertebrate lamins. 9, 10 The unique features of two lamins are underlined: the C. elegans lamin harbors a 14-residue deletion within the rod domain, i.e. early in coil 2b, 13 and the Ciona lamin L1 10 lacks the Ig-like 105-residue region within the tail domain (see the text).
Using recombinant proteins purified from Escherichia coli we have analyzed the in vitro assembly of the two unusual lamins by electron microscopy. For comparison, chicken lamin B2 served as a representative of normal lamins. The three lamins were expressed in E. coli and the proteins were purified in urea buffers. , and head-to-tail formation of dimers (e). Purification of recombinant lamins (a). The coding sequence of C. elegans lamin 13 was amplified by PCR from an embryonic Uni-ZAP cDNA library (Stratagene, Heidelberg, Germany) and ligated into the expression vector pET22 (Novagen, Madison, WI, USA). E. coli BL21 (DE3) Lys S cells containing the expression plasmid were grown at 37 8C in 200 ml SOB medium 32 with 50 mg/ml ampicilin. Expression was induced with 1 mM IPTG in late exponential phase. After three to four hours the cells were pelleted, washed and resuspended in guanidinium lysis buffer (6 M guanidine hydrochloride, 20 mM sodium phosphate, 500 mM NaCl, pH 7.8) containing a protease inhibitor cocktail (Roche, Mannheim, Germany). After incubation at room temperature for ten minutes, sonication and centrifugation at 10,000g the supernatant was applied onto a ProBonde column equilibrated with denaturing buffer (8 M urea, 20 mM sodium phosphate, 500 mM NaCl, pH 7.8). The eluate obtained by the same buffer at pH 6 that was highly enriched in recombinant C. elegans lamin, was applied onto a fast desalting 26/10 column (Amersham Pharmacia, Uppsala, Sweden) that was equilibrated in 8.5 M urea containing 10 mM Na 2 HPO 4 , 1 mM 2-mercaptoethanol (pH 6.6). The protein fraction obtained was subjected to ion exchange chromatography on Mono S equilibrated in the same buffer. Fractions enriched in lamin were pooled, passed through a fast desalting column in 8.5 M urea containing 10 mM Tris -HCl, 1 mM 2-mercaptoethanol (pH 8) and subjected to ion exchange chromatography on Mono Q equilibrated in the same buffer. Fractions containing pure C. elegans lamin were identified by SDS-PAGE. The coding sequence of chicken lamin B2 cDNA was amplified by PCR from the vector pAR3038 8 and subcloned into the bacterial expression vector pET22 (Novagen) to yield a lamin B2 with a carboxy-terminal six-histidine tag. Expression and purification of the tagged recombinant lamin B2 using ProBonde resin was as above with the following modification. Before eluting with the denaturing buffer at pH 4 the column was washed with the same buffer at pH 6 and pH 5.3. The pH 4 protein fraction, enriched in recombinant chicken lamin B2, was subjected to ion exchange chromatography on Mono S and Mono Q as described above. Fractions containing pure lamin B2 were identified by SDS-PAGE. The coding sequence of the lamin L1 (a variant) cDNA from C. intestinalis was amplified by PCR from the pCR2.1 vector 10 and ligated into the pET23 vector (Novagen). After expression in E. coli, inclusion bodies highly enriched in recombinant Ciona lamin, were solubilized in 8.5 M urea. Further purification of Ciona lamin by ion exchange chromatography on Mono S and Mono Q provided a pure preparation as assayed by SDS-PAGE. All purified lamins were stored in aliquots in 8.5 M urea Tris -HCl buffer at 220 8C. Lamin dimer formation ((b) -(d)). Aliquots of C. elegans, chicken and Ciona lamins in urea buffer were dialyzed for two hours against 150 mM NaCl, 1 mM EGTA in 25 mM Tris -HCl (pH 8.5) at protein concentrations of 0.4 mg/ml, 0.5 mg/ml and 0.25 mg/ml, respectively. Dialysis was at room temperature using floating filters (mixed cellulose ester; 0.01 mm pore size; Millipore, Eschborn, Germany). All buffers were 1 mM in DTT and were made in Milli-Q water (Milli-Q standard system in organex configuration; Millipore). For glycerol spraying/rotary metal shadowing 30 ml aliquots of dialyzed protein were mixed with glycerol to a final concentration of 30% and sprayed onto freshly cleaved mica. The mica was placed on the rotary table of a Balzers apparatus (BAE 120T; Balzers Pfeiffer GmbH, Asslar, Germany) and dried at room temperature in vacuo. Dried samples were rotary shadowed with platinum/carbon at an elevation angle of 3.58 and coated with a carbon film. 33, 34 Specimens were observed using a Philips CM12 transmission electron microscope (Philips, Eindhoven, The Netherlands) operated at 80 kV. Electron micrographs were digitised with an Agfa Duoscan T2500 scanner at a resolution of 1200 dpi. Digitised micrographs were processed using Adobe Photoshop software. Lamin dimers of C. elegans (b), chicken B2 (c) and Ciona (d). Note the absence of the two globules at one end of the rod in the case of Ciona lamin dimers. Longitudinal head-to-tail polymers of C. elegans lamin dimers (e). Lamin in urea buffer was dialyzed for one hour against 50 mM NaCl, 1 mM DTT, 50 mM Tris -HCl (pH 8.0) at room temperature. Glycerol spraying/rotary metal shadowing was as above. Scale bar represents 50 nm. in 8 M urea at 0.25-0.5 mg/ml were briefly dialyzed against 150 mM NaCl, 1 mM DTT, 25 mM Tris -HCl (pH 8.5), and processed for glycerol spraying/rotary metal shadowing. Figure  2 (b) shows that dimers of C. elegans lamin have the same ultrastructural appearance as chicken lamin B2 dimers (Figure 2(c) ), which were extensively studied in the past. 6, 8 Both molecules display a rod with two distinct globules situated at one end. Evidently, these globules represent a distinct part of the C-terminal tail domain of these lamins. 2, 6, 15 In fact, the Ig-like 105-residue region 11, 12 of human lamin A (i.e. residues 434 -551), when expressed in E. coli, appears after glycerol spraying/rotary metal shadowing as globules indistinguishable in size and shape from those depicted in the intact lamin dimers (K. Bechert, our unpublished results). In line with this view are the images of the Ciona lamin dimer, which misses the 105-residue region in its tail domain ( Figure 1 ) and hence lacks the two pronounced globules at one end of its rod domain (Figure 2(d) ). Measurements on 100 molecules show that the rod domain of chicken lamin (54.2(^1.2) nm) is slightly longer than the rod domain of C. elegans lamin (52.7(^1.4) nm). This 1.5-nm length difference is in the range predicted for a 14-residue deletion (Figure 1 ) in coiled-coil conformation (calculated value 2 nm). As described for rat, chicken and Drosophila lamin dimers 1, 7, 8 the C. elegans lamin dimers also formed pronounced head-to-tail polymers when dialyzed for one hour against 50 mM NaCl, 1 mM DTT, 50 mM Tris -HCl (pH 8.0) (Figure 2(e) ).
To see whether the two-heptad deletion in the central rod domain of C. elegans lamin also influences the higher order assembly states we turned to low salt buffers containing 20 -30 mM CaCl 2 , conditions that are known to favor paracrystal formation by various lamins and their derivatives. 6 -8,16 Figure 3 documents that in the presence of calcium ions all three lamins form paracrystals. Interestingly, the paracrystals of C. elegans and chicken B2 lamin clearly differ in their banding pattern and axial repeats. C. elegans lamin paracrystals show a broad dark band followed by two light bands that are separated by a thin dark band (Figure 3(a) ). The axial repeat length obtained from 100 measurements is 44.7(^0.2) nm. The unevenly spaced banding pattern of the C. elegans lamin paracrystals resembles that obtained from tailless lamins, 2 and in particular from tailless chicken lamin B2 6 and tailless Drosophila lamin Dmo. 7 In contrast ( Figure  3(b) ), chicken lamin B2 provided the earlier reported banding pattern of alternating dark and light bands with a , 24-nm quasi-axial repeat. 8 The true axial repeat includes two dark and two light bands and amounts to 47.8(^0.4) nm (100 measurements). The 3.1-nm shorter axial repeat in the case of C. elegans (Figure 3(a) ) is most likely due to the deletion of two heptads from the coiled-coil rod domain of C. elegans lamin ( Figure  1 ) and is in line with the slightly reduced length of the lamin dimer molecules (Figure 2) , i.e. 52.7 nm versus 54.2 nm (see above). Similarly, the different spacings of the transverse bands within the axial repeat of C. elegans versus chicken B2 lamin paracrystals may, at least in part, arise too from the missing two heptads in coil 2 of C. elegans lamin, as this yields a different stagger between antiparallel dimers that interact via their coil 2 (i.e. the A22 dimer -dimer interaction 17 ). In addition, and possibly as a consequence of its shorter coil 2, the axial positioning of the globular tail domain in the C. elegans lamin paracrystals may be distinct from that in chicken lamin B2 paracrystals.
The paracrystals formed by Ciona lamin appeared much poorer in quality than those obtained from the other two lamins ( Figure 3(c) ; compare with Figure 3(a) and (b) ). Nevertheless, in many regions a distinct banding pattern could be observed and resembled that of chicken lamin B2 both in terms of appearance and axial repeat length. Since previous studies with truncated lamins lacking the entire tail domain have documented that they retain the ability to form paracrystals, 6,7,15,16,18 -20 we have not tried to improve the quality of the paracrystals formed by the Ciona lamin that lacks the central part (i.e. the 105-residue globule) of the tail domain (see Figure 1) .
Previous studies on the in vitro assembly of chicken, human, rat and Drosophila lamins 1,6 -8,15 emphasized that intermediate filament-like structures (i.e. exhibiting a , 10-nm average diameter) are only transiently observed and absent at steady state where thick filament bundles, aggregates and paracrystalline arrays predominate. To see whether assembly conditions can be established in which C. elegans lamin forms stable IFs, we employed various low ionic strength buffers that are known to yield 10-nm filaments with invertebrate cytoplasmic IF proteins 21 -23 and with mammalian keratins. 24 -27 The best results were achieved when C. elegans lamin (at 0.1 mg/ml) was dialyzed against 15 mM Tris-HCl (pH 7.4). Figure 4 (a) and (b) reveals IFs with an average diameter of 10.2(^0.7) nm (Figure 4(b) , inset) that were obtained under these conditions in two separate experiments. Filament bundling was only rarely observed and no paracrystals were seen.
Although these low ionic strength buffers also yielded filaments with chicken B2 and Ciona lamins (Figure 4 (c) and (d)), the resulting filament populations appear much more polymorphic. Chicken lamin B2, for example, formed filaments with an average diameter of 9.6(^2.7) nm, i.e. very close to that of bona fide IFs. While these filaments exhibited a strong tendency to form tangles (Figure 4(c) ), no paracrystals were detected under these assembly conditions. The Ciona filaments, in contrast, yielded a markedly smaller average diameter, i.e. 5.4(^1.1) nm (Figure 4(d) ), than is common for bona fide IFs.
Here we have documented that the single nuclear lamin of the nematode C. elegans 14 assembles in low ionic strength Tris -HCl buffer into stable 10-nm filaments that exhibit a normal IF morphology (see Figure 4(b) ). This result is in line with the finding that the primary sequences of nuclear lamins and cytoplasmic IF proteins are related 28, 29 and that at least in Xenopus oocytes the nuclear lamina is built as a near tetragonal lattice of 10-nm filaments. 1 Nevertheless previous studies using different buffer conditions found that lamin assembly notoriously leads to thick bundles, tangles and paracrystalline arrays and that 10-nmlike filaments are practically absent at steady state (for references see above). However the organisation of the nuclear lamina in somatic metazoan cell types is not known. Thus it remains to be seen whether such laminae are also built from a sizable amount of bona fide 10-nm lamin filaments, or whether they are formed by thinner filaments such as those that form during early in vitro assembly stages by head-to-tail polymerization of lamin dimers or several such filaments after lateral association. 8 
